ABSTRACT: Sulfur (S) fertilization recommendations for grain crops in Brazil were formerly established from studies on crops with a low yield potential grown on soils under conventional tillage (CT). However, the subsequent adoption of no-tillage (NT) altered S dynamics in the soil, making it necessary to carefully evaluate the applicability of these S fertilizer recommendations. In addition, the emergence of modern high-yield-potential genotypes, the successive application of concentrated low-sulfur fertilizers, and reduction in S atmospheric deposition have raised the likelihood of positive responses of crops to S fertilization. Available literature reports contrasting crop responses to S fertilization in Brazilian soils, ranging from substantial gains to slight yield losses depending on the particular crop, soil, and climate. The primary aim of this study was to examine available data for crop grain responses to S application in NT soils in order to ascertain whether existing recommendations established for Brazilian CT soils also hold for NT soils. A systematic review of data from 35 scientific publications spanning 58 crop harvests revealed a positive yield response to S fertilization in 31 % of the crop harvests, with an average yield increase of 16 %. Crops on soils with available SO 4 2--S contents above the critical level (viz., 7.5 mg dm -3 ) exhibited no positive response to S fertilization in any crop harvest (n = 18). Dry edible bean and corn were the most responsive crops, and canola and wheat, the least. For the trials with positive crop responses, a fertilizer rate of 26 kg ha -1 S sufficed to obtain at least 95 % of the maximum possible yield. In general, the S fertilization recommendations previously established for CT soil proved effective with grain crops on NT soils as a result of the critical levels of soil available SO 4 2--S and the fact that the recommended S rates are similar to those found in this study considering trials conducted under NT conditions only. However, existing recommendations could be improved by using additional criteria for soils with available SO 4 2--S contents below the critical level since a positive response was observed in 22 % (n = 18) and 92 % (n = 12) of the crop harvests under a subtropical and a tropical climate, respectively. Our results suggest that S fertilization must be prioritized in NT soils with available SO 4 2--S contents below 7.5 mg dm -3 in the 0.00-0.20 m layer, especially in tropical climate zones. In addition, regional fertilizer recommendation guidelines should consider crop type and yield expectation in order to facilitate more sustainable S management and increased crop yields in Brazil.
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INTRODUCTION
The biogeochemical cycle of S is very complex and involves fluxes in soil, plants, and the atmosphere (Alvarez V et al., 2007) . Although atmospheric deposition is a relevant source of S for soil, the amounts of S input it supplies has declined considerably worldwide in recent years as an effect of the implementation of new emission control technologies and more stringent environmental regulations (Divito et al., 2015; Vieira-Filho et al., 2015) . In the city of São Paulo, for example, atmospheric deposition decreased twenty-fold from 1985 to 2009 [of 282 to 14 kg ha -1 yr -1 S (Vieira-Filho et al., 2015) ]. In cities distant from large industrial centers and the sea, such as Santa Maria (in the state of Rio Grande do Sul), S was atmospherically deposited at rates ranging from 3.2 to 4.5 kg ha -1 yr -1 over the periods of (Osório Filho et al., 2007 Tiecher et al., 2013) .
Soil contains both organic and inorganic forms of S, the organic form prevailing under tropical and subtropical climates. The balance between the organic and inorganic S pool is governed by redox reactions that are primarily mediated by microorganisms (Rein and Sousa, 2004; Alvarez V et al., 2007; Bissani et al., 2008) . In properly aerated soils, sulfate (SO 4 2-) is the main inorganic S form in the soil solution, which can be taken up by plants (Ercoli et al., 2012) but can also be readily lost by leaching. Organic S constitutes the greatest soil S stock [90-95 % of total soil S (Sutar et al., 2017) ]. Its availability to plants depends on the mineralization rate of organic matter (OM), which is in turn influenced by factors such as soil temperature, moisture, aeration, nutrient supply, OM lability, and stoichiometric ratios between nutrients (C:N, C:P, and C:S) (Scherer, 2001; Bissani et al., 2008) , as well as by the oxidation state of S in decaying organic matter (Blum et al., 2013) . Therefore, the ability of tropical and subtropical soils to fulfill plant S requirements depends on the intensity of the immobilization/mineralization and adsorption/desorption processes (Alvarez V et al., 2007) , as well as on whether these processes occur synchronically with the period of highest S demand from plants (Ercoli et al., 2012) . Establishing effective S fertilization management recommendations for different soil and climate conditions is thus rather challenging (Scherer, 2001; Bissani et al., 2008) .
In Brazil, S deficiencies are largely encountered in sandy soils with low OM content in the Cerrado (tropical savanna) region (Rein and Sousa, 2004) . In contrast, the clayey tropical soils and subtropical soils (clay or sandy) rarely require S fertilization to support suitable plant growth (Bissani et al., 2008; CQFS-RS/SC, 2016) . Consequently, S is one of the least studied macronutrients in Brazil (Divito et al., 2015; CQFS-RS/SC, 2016) and also in other regions of world (Kihara et al., 2017; Salvagiotti et al., 2017) . However, the likelihood of a positive response of grain crops to S fertilization has increased in various ecosystems around the world (Rheinheimer et al., 2005; Ercoli et al., 2011; Blum et al., 2013; Divito et al., 2015; Salvagiotti et al., 2017) as a consequence of (a) higher crop yield potential increasing S plant requirements (Salvagiotti et al., 2017) , (b) the repeated use of phosphate and nitrogen fertilizers containing little or no S (Rheinheimer et al., 2005; Osório Filho et al., 2007) , (c) reduced S atmospheric deposition (Divito et al., 2015; Vieira-Filho et al., 2015) , (d) increased use of monocultures or crop successions, resulting in low inputs of crop residues, and (e) chemical and/or physical constraints on deep-rooting under NT (Dalla Nora et al., 2017) . Crop responses to S application in Brazilian NT soils are highly variable and range from substantial increases (Miranda and Miranda, 2008; Fiorini et al., 2016; Pereira et al., 2016; Lopes et al., 2017; Nascente et al., 2017) to slight reductions in grain yield (Barbosa Filho et al., 2005; Megda et al., 2009; Gelain et al., 2011; Rampim et al., 2011) depending on the particular crop, soil, and climate conditions. Therefore, further consideration of these key drivers (viz., climate, soil chemical properties, crop type, and grain yield potential) for crop yield is imperative if management of S fertilization in Brazil is to be more sustainable.
Soil under NT comprises more than 32 Mha in Brazil and NT is the main basis for grain crop production in the country (Febrapdp, 2012) . The NT system alters S dynamics Rev Bras Cienc Solo 2019;43:e0180078 relative to CT (Karlen et al., 2013) , in which the soil is periodically tilled and the chemical properties of the arable layer (0.00-0.20 and/or 0.00-0.40 m) are more uniform as a result (Souza et al., 2014) . In soils under NT for a long time, surface liming and fertilization applied without soil incorporation increase the nutrient contents and OM in the surface layer, thereby creating a chemical gradient that decreases with increasing depth (Dalla Nora and Amado, 2013; Souza et al., 2014 ). An increase in soil pH increases the cation exchange capacity, whereas an increase in P content decreases potential sites for sulfate adsorption because phosphate is more readily adsorbed by colloids than sulfate. Therefore, increased content of nutrients in the surface layer of NT soils may induce leaching of sulfate to deeper layers [0.20-0.40 and 0.40-0.60 m (Scherer, 2001; Rheinheimer et al., 2005) ]. However, plant root growth in deeper layers may be hindered by the presence of compacted soil and/or chemical restrictions, such as those arising from toxic levels of exchangeable Al or low Ca availability -a common occurrence in NT soils (Lopes et al., 2004; Rein and Sousa, 2004; Dalla Nora and Amado, 2013) .
The criteria used to establish official recommendations for S fertilization in Brazil differ among regions. Thus, the recommended S rates for subtropical soils in the states of Rio Grande do Sul and Santa Catarina are based on available SO 4 2--S contents (5-10 mg dm Sfredo et al. (2003) suggest using different critical S levels depending on soil clay content. Nearly all studies from which existing S fertilization recommendations for Brazilian soils have been conducted from the 1970s to the 1990s and on crops with low yield potential grown on CT soil (Lopes et al., 2004; Rein and Sousa, 2004; Bissani et al., 2008; CQFS-RS/SC, 2016; Pauletti and Motta, 2017) . It is therefore imperative to revise existing S fertilization recommendations for NT soils bearing high yield potential genotypes in order to identify the need for changes in S fertilization management. In this study, we made a systematic review of existing studies on the topic to compile, summarize, and assess the response of major grain crops to S fertilization in NT soils and to confirm the effectiveness of S fertilizer recommendations for NT soils currently in use in Brazil.
MATERIALS AND METHODS
Data compilation
This study was based on data reported in 32 scientific peer-reviewed articles, one technical paper, and two master's degree dissertations dealing with crop yield responses to S fertilization in NT soils in Brazil. The data spanned a total of 58 crop harvests (Figure 1 ). For this purpose, a search for key words including "sulfur", "elemental sulfur", "ammonium sulfate", "gypsum", "no-tillage system", and "grain yield", and the corresponding terms in Portuguese, was performed in the Web of Science, Science Direct, Scielo, and Google Scholar databases. Any publications meeting one or more of the following criteria were excluded: (a) studies exclusively examining production of biomass, stem, or other vegetative organs; (b) experiments conducted under CT or greenhouse conditions; (c) studies not conducted in Brazil; (d) absence of a control treatment without S fertilization; and (e) trials with fewer than three replications and/or without a random distribution of treatments.
Rev Bras Cienc Solo 2019; 43:e0180078 In studies where gypsum, elemental S, or single superphosphate was used as S source, the results were pair-compared with a control treatment (i.e., one without S fertilization) (Table 1) . When ammonium sulfate was used as S (and N) source, the results were compared with those of a urea treatment at the same N rate. Finally, when the S source was gypsum, the maximum rate considered was 1 Mg ha -1 (equivalent to 160 kg ha -1 S) in order to mitigate the confounding effect of higher rates of gypsum -or single superphosphateas a soil conditioner potentially increasing Ca 2+ saturation and reducing Al 3+ activity in subsurface layers.
For each crop harvest, data were categorized in terms of soil properties, environment, and crop specification as follows:
1. Clay content in the 0.00-0.20 m soil layer: ≤35 % or >35 %, which is the limit between clayey soils and medium textured soils. All studies in this category used the pipette method to determine soil clay content.
2. Soil OM in the 0.00-0.20 m layer: ≤2.5 % or >2.5 %, which is the limit between the low and medium class (CQFS-RS/SC, 2016). 4. pH(H 2 O) in the 0.00-0.20 m soil layer: ≤5.5 or >5.5, which is the limit for recommending application of lime to NT soils bearing grain crops (CQFS-RS/SC, 2016). When soil pH had been measured in a CaCl 2 solution, the reported pH value was increased by 0.7 units to estimate pH in water.
5. Type of soil: Oxisol (Latossolo), Ultisol (Argissolo), or Alfisol (Nitossolo).
6. Average crop yield: high or normal -high if it exceeded the average grain yield for the state for a given harvest by more than 30 %, as reported by Conab (2018) , or otherwise normal.
7. Crop: soybean, bean, canola, corn, or wheat.
8. Climate: subtropical or tropical.
Data analysis
Grain yields for different crops, regions, and crop harvests were compared by using the equation 1 to calculate a relative yield for each crop harvest in terms of the specific treatment leading to the highest yield as reference (Tiecher et al., 2018) : Vieira et al., 2016) . The S rate recommended to obtain 95 % of the highest relative yield, which was considered to be the maximum economic efficiency (MEE), was determined by plotting the relative yield of each S Rev Bras Cienc Solo 2019;43:e0180078 rate and the respective rate used (Tiecher et al., 2018) . Crop response curves were obtained by plotting relative yield against S rate and soil available SO (Lock et al., 2017) . Those results yielding P-values less than 0.05 in randomized tests were assumed to be significant. The main factors governing crop responses to S fertilization were identified by using the conditional inference regression trees procedure in the Jmp ® v. 13 (SAS, Inc., Cary, NC, USA). This statistical procedure is indicated for datasets obtained from literature searches, such as systematic reviews or meta-analyses retrieving studies which neither used all factors in the original trial -and in a randomized manner -nor replicated all levels within experiments (Mourtzinis et al., 2018) . According to Tittonel et al. (2008) , the conditional inference regression tree method makes no assumptions about the statistical distribution of data, and it is robust to outliers and multicollinearity of data.
We assessed the importance of categorical variables (crop type, climate, state of the experimental site, soil type, average crop yield) and continuous variables (soil available SO 4 2--S content, OM, clay content and pH, and S rate) together, as factors in the partition, and crop response to S fertilization (viz., a positive response or no statistical difference) as a response variable. The partition was based on tests of the global null hypothesis of independence (p<0.05) between the factor variable and a response variable. When the hypothesis was rejected, the algorithm identified the factor most closely associated to the response variable (Mourtzinis et al., 2018 of the partition and to avoid particularizing the results, each intermediate node had to account for at least 10 crop harvests (>20 % of all), and all terminal nodes had to contain at least 5 (>10 % of all).
RESULTS AND DISCUSSION
Characterization of studies on S fertilization
Studies evaluating the effect of S rates applied to grain crops grown on NT soils in Brazil are relatively recent; they began in 2005, and the results of most (57 %) were reported from 2013 to 2017 (Table 1 ). The studies focused on Central-Southern Brazil (Figure 1a) , where the largest numbers of crop harvests evaluated (83 %) were those for the states of Paraná (31 %), Rio Grande do Sul (26 %), Goiás (14 %), and Mato Grosso do Sul (12 %) (Figure 1b) . The crop harvests corresponded to tropical zones in 43 % of cases and subtropical zones in 57 % (Figure 1a) . Soybean, corn, and wheat combined accounted for 78 % of the crops, reflecting their economic importance in Brazil (Figure 1c) . The average yield for the crop harvests was quite high: 33 % had high yield (Figure 1d) . Most of the studies involved Oxisols (83 %), followed by Ultisols (14 %), and Alfisols (3 %) (Figure 1e ) which corresponds to Latossolos, Argissolos, and Nitossolos according to Brazilian Soil Classification System, respectively . Oxisol is the predominant soil order in Brazilian agriculture (Dalla Nora and Amado, 2013). As can be seen from figure 2a, the soils in 94 % of the studies had low or medium OM content (<5 %; CQFS-RS/SC, 2016). The soils in 77 % of the studies were clayey (>35 % clay; figure 2b), and in 75 % of the studies, the available SO 4 2--S content was lower than 10 mg dm -3 (Figure 2c ). Finally, soil pH in the primary studies exhibited little variability, 50 % of soils had pH from 5.2 to 5.8 (Figure 2d ).
Positive responses of crop yield to S fertilization
The available SO 4 2--S content was the only soil property among those studied that influenced crop response to S fertilization (Figure 3a) . The critical level of soil available SO 4 2--S [viz., 5 and 10 mg dm -3 for low-and high S-demanding crops, respectively (CQFS-RS/SC, 2016)] provided a reliable criterion for defining crop yield response to S fertilization. Thus, ) (c), and soil pH(H 2 O) values (d) in the studies that evaluated the effects of sulfur fertilization on crop yield in no-till soils in Brazil. The central rectangle of the box-plots spans the first to the third input quartile. The extended line inside the rectangle is the median, the dash is the mean, and the vertical lines above and below the box extend to the minimum and maximum values, respectively.
Rev Bras Cienc Solo 2019;43:e0180078 no positive response was observed in soils where available SO 4 2--S exceeded the critical level in any crop harvest. In S-poor soils, however, positive responses were observed in 50 % of the crop harvests. This result shows that existing recommendations established for CT cropping systems are applicable under NT conditions, especially when the soil available SO 4 2--S content exceeds the critical level. However, if available SO 4 2--S is below the critical level, the recommendations should be refined in terms of additional factors for decision making, such as soil properties (pH, clay, and OM contents), climate, and crop characteristics, to make them more reliable.
As can be seen from figures 3b and 3c, the response to S fertilization was independent of the soil OM and clay contents. Clayey soils with oxidic mineralogy adsorb sulfate more readily, thereby reducing leaching of the anion to subsurface layers (Alvarez V et al., 2007; Ercoli et al., 2011) . However, these soil conditions may also result in high stabilization of OM through organomineral interactions and thus detract from microbial decomposition and S mineralization of OM (Cotrufo et al., 2013) , which is the main source of available SO 4 2--S for plants (Alvarez V et al., 2007; Tiecher et al., 2013) . In contrast, most low OM soils have lower physical, chemical, and microbiological quality (Mendes et al., 2018) , which may lead to decreased crop grain yields and, consequently, decreased S requirements (Alvarez V et al., 2007) . Another factor to be considered is atmospheric deposition of S, which increases with nearness to the sea or an industrialized city (Tiecher et al., 2013; Vieira-Filho et al., 2015) . This deposition can thus have a confounding effect of texture and soil OM content on crop response to S fertilization. In addition, the fact that crop response to S fertilization was not related to either soil OM or clay content may have resulted from differences in recent S management history among fields. Eriksen et al. (1995) studied various types of Danish soils and found OM mineralization -and hence SO 4 2--S availability to plants -not to be correlated with soil OM content but correlated with microbiological activity. Therefore, developing straightforward, inexpensive tools for quantifying biological activity in soil could be very useful to improve existing S fertilization recommendations for NT soils.
Soil pH may influence crop response to S fertilization. In fact, a high pH facilitates SO 4 2-leaching to subsurface layers (Rheinheimer et al., 2005; Sutar et al., 2017) . No such effect was observed here (Figure 3d) , however, possibly because more than 75 % of the soils had pH <5.8 (Figure 2c ).
Based on the results of this systematic review, crops grown on tropical soils are more likely to be S responsive than are those on subtropical soils in Brazil (48 % vs 18 %; Figure 3e ), which is consistent with previously reported findings (Rein and Sousa, 2004; Alvarez V et al., 2007) . This result can be ascribed to a number of factors, including low natural soil fertility and high soil weathering and acidity (Fageria and Nascente, 2014) . The results also suggest that crops with increased yields are more likely to be responsive to S fertilization (Figure 3f ). Since high-yield crops typically extract large amounts of S from the soil [usually 0.1-0.5 % of dry matter (Alvarez V et al., 2007; CQFS-RS/SC, 2016; Sutar et al., 2017) ], S requirements can be expected to increase with increasing yield (Rheinheimer et al., 2005; Salvagiotti et al., 2017) . In Brazil, soybean yields have risen by 30 % and corn yields by 85 % over the last 10 years (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) compared to the 1990s (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (Conab, 2018) ; therefore, the probability of a positive response to S fertilization has likewise increased.
Only 18 (31 %) of the 58 crop harvests examined exhibited statistically significant positive responses to S fertilization (Figure 4a ). Corn and bean were the most responsive crops, with increased yields in 46 % (n = 13) and 50 % (n = 6) of the crop harvests, respectively. Soybean responded in only 35 % (n = 20) of the crop harvests. In contrast, wheat only exhibited increased yields in one of 13 crop harvests and canola in one of 6. The increased responsiveness of corn and soybean relative to wheat and canola was probably associated with improved genetic potential of new commercial hybrids and varieties of corn and soybean, as well as with more intensive use of new technologies (Mendes et al., 2018) that facilitate S removal through grain harvest. With high S-demanding crops, soil available SO 4 2--S and S inputs from atmospheric deposition may not suffice to fulfill crop nutritional requirements and replenish SO 4 2--S losses (Rheinheimer et al., 2005; Alvarez V et al., 2007; Ercoli et al., 2012) .
Within positive crop responses to S fertilization, corn exhibited the greatest yield increase (6-36 %, average = 19 %), followed by soybean (9-27 %, average = 16 %), and bean (9-15 %, average = 12 %) (Figure 4b ). In the average of all crops with positive response to S fertilization, grain yield increased by 16 %. In Argentina, Salvagiotti et al. (2017) reported a positive response of corn to S fertilization under NT in 8 out of 17 years and an average grain yield increase of 13 %. In areas under CT of sub-Saharan Africa, a meta-analysis by Kihara et al. (2017) revealed that 76 % of the crops responded positively to S fertilization, with an average increase of 35 % in grain yield. These results testify to the importance of properly managing S fertilization in order to increase crop grain yields with a view to meeting growing worldwide demand for food (OECD/FAO, 2015) and to increasing crop profitability.
Influence of S application rate on crop yield
Based on the calibration curve for the crop harvests where S fertilization led to a statistically significant increase in grain yield (p<0.05) in the primary studies, the S application rate of maximum economic efficiency (MEE) was calculated to be 26 kg ha -1 .
This rate, which sufficed to obtain 95 % of the maximum yield for all crops (Figure 5a ), is identical to that found by Carmona et al. (2009) (Pauletti and Motta, 2017) . However, these values differ greatly from those recommended by Sfredo et al. (2003) for soybean: 70-110 kg ha -1 S, depending on the soil available SO 4 2--S content. Salvagiotti et al. (2017) found the MEE rate of S for corn grown on NT soils in Argentina to be 10 kg ha -1 . Also, in two lysimetric experiments conducted in central Italy, Ercoli et al. (2012) found S uptake by two durum wheat cultivars to be 32 kg ha -1 ; however, only 25 % (8 kg ha -1 ) was present in the grain. Sulfur leaching from this soil, which contained <5 % clay, was 35 kg ha -1 and S atmospheric deposition was 14.5 kg ha -1 . Therefore, replenishing the S lost and S exported to grains required an input of 28.5 kg ha -1 S, which is very similar to that found in this review of Brazilian studies.
In fact, as shown here and as is apparent from existing recommendations for Brazilian soils (Raij et al., 1997; Rein and Sousa 2004; CQFS-RS/SC, 2016; Pauletti and Motta, 2017) , even S-deficient soils usually require only low rates of S fertilization. Ercoli et al. (2012) found that SO 4 2--S availability in the soil solution changes significantly according to rainfall and OM mineralization throughout the crop cycle. As a result, a low S rate often suffices to fulfill the nutritional requirements of plants (Salvagiotti et al., 2017) . Fertilizing soil with S is intended to sustain available SO 4 2--S contents, which can amount to more than 70 % of the total S uptake by plants, and also to replenish soil S removed by grain harvest (Degryse et al., 2018) .
Influence of S source on crop response
The small amount of S (~ 26 kg ha 22-24 % S], single superphosphate (10-12 % S), potassium sulfate (K 2 SO 4 , 15-17 % S), calcium sulfate (gypsum, CaSO 4 , 13 % S), and elemental S (95 % S). All these sources, except elemental S, contain S as SO 4 2-, which is readily taken up by plants immediately after application (Horowitz and Meurer, 2006) . Elemental S must be oxidized to SO 4 2-before it can be taken up. Elemental S is oxidized mainly by autotrophic and heterotrophic microorganisms at a rate that depends on factors such as fertilizer grain size, soil aeration, temperature, moisture, OM and nutrient contents, soil acidity, and microbial biomass Meurer, 2006, 2007) . Horowitz and Meurer (2007) evaluated elemental S oxidation in 42 soil samples from different Brazilian states and concluded that all soils were able to oxidize elemental S, albeit at significantly different rates. Horowitz and Meurer (2006) found elemental S application to significantly increase SO 4 2-availability to plants after 20 days.
The efficiency of the S sources cited above has been investigated in areas under NT in Brazil. Thus, Fiorini et al. (2016) found no differences in crop yield after application of elemental S and ammonium sulfate. In contrast, Broch et al. (2011) found that various S sources, including single superphosphate, gypsum, and granulated gypsum, increased soybean yield, but elemental S did not. However, Fano (2015) found elemental S to be more efficient than gypsum in increasing wheat yield. These conflicting results call for further, deeper investigation of the influence of S sources on crop response by determining whether sources containing S readily available for plants to take up (e.g., gypsum, single superphosphate) or those requiring prior oxidation in soil (e.g., elemental S) are more efficient (Broch et al., 2011; Degryse et al., 2018) . As a slow-release fertilizer, elemental S allows increased S application rates to be used due to its marked residual effect and lower potential for short-term losses; both of these aspects increase efficient use of S, especially in high-rainfall environments and sandy soils (Degryse et al., 2018) .
Grain yield response to soil available SO 4 2--S content
The critical levels of available SO 4 2--S content for the surface layers (0.00-0.10 and 0.00-0.20 m) of Brazilian soils typically range from 3 to 10 mg dm However, several studies have found no correlation between soil available SO 4 2--S and crop grain yield (Rheinheimer et al., 2005; Osório Filho et al., 2007; Lucas et al., 2013) not even at available SO 4 2--S contents below these critical levels. This suggests that the available SO 4 2--S content in the soil surface layer may not be an accurate predictor of crop response. In fact, such a content depends on various factors, including OM mineralization rate, atmospheric S deposition, plant uptake, rainfall, and soil texture (Ercoli et al., 2012; Blum et al., 2013; Tiecher et al., 2013; Sutar et al., 2017) . As a result, the available SO 4 2--S content changes during the crop cycle and it is difficult to match it to plant requirements (Ercoli et al., 2012) . In addition, crop response to S fertilization follows a quadratic or exponential tendency in which, once the nutritional requirements of plants have been met, a further increase in soil available SO 4 2--S results in no increase in yield (Lucas et al., 2013) .
The soil available SO 4 2--S content in the surface layer (48 crop harvests) and subsurface layer (34 crop harvests) was calibrated with crop grain yield. The critical levels for obtaining yields exceeding 95 % of the maximum possible value were 7.5 mg dm -3 for the 0.00-0.20 m (Figure 6a ) layer and 8.5 mg dm -3 for the 0.20-0.40 m layer (Figure 6b ). These critical levels are similar to that reported by Carmona et al. (2009) , and with the levels initially used in the discussion of this study [viz., 5 and 10 mg dm -3 for crops with lower and higher requirements, respectively; CQFS-RS/SC (2016)]. Consistent with previous studies (Rheinheimer et al., 2005; Osório Filho et al., 2007) , the results confirmed that it was unnecessary to classify crops as high S-demanding (e.g., soybean, beans, canola) and low S-demanding (e.g., wheat, corn) as previously done by CQFS-RS/SC (2016). In general, cereal crops have lower S contents in leaf tissue but higher demand in terms of grain yield potential, which results in their degree of S removal at harvest being similar to S removal in legume crops (Alvarez V et al., 2007; Sutar et al., 2017 ).
This systematic review of studies evaluating crop responses to S fertilization in NT soils shows that both the S rate recommendations and the critical levels used as criteria for deciding whether to apply S fertilization are similar to those currently used in Brazil, which were established under CT conditions (Raij et al., 1997; Rein and Sousa, 2004; CQFS-RS/SC, 2016; Pauletti and Motta, 2017) . These results rebut our hypothesis that crops grown under a NT system require higher S fertilizer rates than those established under a CT system. Probably, the greater physical and biological quality of soil found under NT increases SO 4 2--S availability to plants, offsetting potential SO 4 2--S leaching to subsurface layers induced by low acidity and higher nutrient content in the surface layer (Scherer, 2001) , the greater S requirements of modern high-yield potential genotypes (Salvagiotti et al., 2017) , and decreased atmospheric S deposition (Vieira-Filho et al., 2015) . This was confirmed by Karlen et al. (2013) , who found a higher available SO 4 2--S content under long-term NT soil compared to CT soil, especially in the surface layer (0.00-0.05 m).
Sulfur content of leaf tissue and grain yield
Our results showed no relationship between the S content of leaf tissue and the relative grain yield of five different crops spanning 31 crop harvests (Figure 7 ). Some authors found that S in leaf tissue increased with S application to soil; however, this effect resulted in no increase in grain yield (Rheinheimer et al., 2005; Frandoloso et al., 2010; Moda et al., 2013) . Therefore, using leaf tissue analysis alone to guide S application requires caution because annual crops tend to take up nutrients in amounts exceeding their basic nutritional requirements (luxury consumption) (Ercoli et al., 2011) . In addition, nutrient contents may vary widely throughout stages in the crop cycle and hinder accurate calibration of S recommendations. The results of this systematic review confirm the findings of Crusciol et al. (2006) for bean in Brazil, and those of Divito et al. (2015) for soybean at 15 different sites in Argentina. The latter authors found no relationship between leaf tissue S content and relative soybean yields, and they concluded that the N:S and P:S ratios in soybean leaves were more effective for guiding S management. In any case, leaf tissue analysis may be an effective tool for monitoring the need for S fertilization in soils with available SO 4 2--S content below the critical level.
Conditional inference tree for crop response to S fertilization in Brazilian no-till soils
Based on conditional inference tree analysis, four factors of variation (viz., soil available SO 4 2--S content, climate, crop type, and average crop yield) explained 63 % of crop responses to S fertilization (Figure 8 ). Soil available SO 4 2--S content was the main factor influencing crop response. The critical content of soil available SO 4 2--S for the 0.00-0.20 m layer was 7.6 mg dm -3 , which is similar to that calculated from the calibration curve (7.5 mg dm -3 ; Figure 6a ). Therefore, no positive response occurred with soil S ≥7.6 mg dm -3 . In contrast, the probability of a positive response to S fertilization with a soil available SO 4 2--S content below 7.6 mg dm -3 was 50 %. This result confirms the effectiveness of existing S fertilization recommendations for Brazilian no-till soils, which rely on soil S content as the sole decision-making criterion (Lopes et al., 2004; Rein and Sousa, 2004; CQFS-RS/SC, 2016) . However, these recommendations could be refined for S-deficient soils (i.e., soils with an available SO 4 2--S content below the critical level). The use of additional criteria in S-deficient soils might improve the efficiency of S fertilization management.
In fact, based on our results, climate was a key factor for crop response to S fertilization in S-deficient soils (Figure 8 ). The probability of a positive crop response was much higher in tropical soils (92 % positive responses) than it was in subtropical soils (22 % positive responses). Tropical soils are generally highly weathered and thus have low OM content, especially when not managed properly as regards crop rotation and biomass input (Fageria and Nascente, 2014) . Because OM is the main source of S in soil, a low OM content raises the likelihood of S deficiency (Alvarez V et al., 2007) .
Highly yielding crops grown on tropical soils with available SO 4 2--S contents below the critical level responded positively to S fertilization in all crop harvests (n = 7). High-yield crops consequently need a greater amount of S available to be taken up for a positive crop response to S fertilization (Salvagiotti et al., 2017) . The probability of a positive response in subtropical soils was low (22 %), even if the available SO 4 2--S content was below the critical level -and this probability was as low as 9 % for crops such as soybean, canola, and wheat. This result is very important because soybean accounted for approximately 75 % of the area planted to grain crops in the 2017/18 summer season in this region (Conab et al., 2018) .
Suggestions for future research into S fertilization in Brazil
Studies on S fertilization in Brazil have primarily focused on Oxisols in the states of Paraná, Rio Grande do Sul, Goiás, and Mato Grosso do Sul. Future studies aiming at better understanding of crop response to S fertilization should be conducted under different geographical conditions expanding across the Cerrado region. This is the largest grain-producing region in Brazil and comprises the largest agricultural boundary in the world; one that spans the states of Maranhão, Tocantins, Piauí, and Bahia, which has been called "MATOPIBA".
The effect of S sources should be further investigated in order to clarify some contrasting results (Broch et al., 2011; Fano, 2015; Fiorini et al., 2016) . In addition, the potential of S fertilization for improving quality in grain crops such as wheat should be better explored, as well as the effect of splitting S applications to ensure better adjustment of soil SO 4 2--S availability to plant requirements and reduce S losses by leaching (Ercoli et al., 2011; Fano, 2015) . Mapping S inputs via atmospheric deposition could be very useful for calculating soil S balances and refining S fertilization recommendations, as well as for identifying specific regions with an increased likelihood of positive crop responses. Long-term studies of crop response to S fertilization under NT conditions are required for more sustainable S management in tropical and subtropical soils of Brazil and other regions in the world. 
CONCLUSIONS
Sulfur fertilization increased crop yield an average of 16 % in 31 % of the crop harvests studied in NT soils in Brazil. Bean, corn, and soybean were grain crops more responsive to S fertilization, and canola and wheat were less responsive. When a positive crop response was observed, 26 kg ha -1 was the maximum economically efficient (MEE) rate of S (i.e., the rate needed to obtain ≥95 % of the highest possible yield). The critical level of S in the soil surface (0.00-0.20 m) and subsurface layer (0.20-0.40 m) was 7.5 (n = 51) and 8.5 mg dm -3 (n = 39), respectively.
The main factor governing crop response to S fertilization in NT soils in Brazil is the soil available SO 4 2--S content, with 50 % (n = 30) of the crop harvests exhibiting increased yields when SO 4 2--S contents were below the critical level (i.e., 7.5 mg dm CT soils also held for grain crops grown on NT soils. In fact, the critical levels of soil available SO 4 2--S and their respective S fertilizer recommendations were consistent with the values found in this systematic review of only NT trials. However, existing recommendations may be improved by using additional criteria. Thus, positive crop responses in S-deficient soils occurred more often in the tropical zones (92 % of crop harvests) than under a subtropical climate (22 % of crop harvests). Finally, S fertilization should be prioritized in NT soils with available SO 4 2--S contents that do not exceed 7.5 mg dm -3 in the 0.00-0.20 m layer, especially in the tropical zones. In addition, regional fertilizer recommendation guidelines should consider crop type and yield expectation in order to facilitate more sustainable S management and increased crop yields in Brazil.
